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Introduction and Objectives
Understanding the population of Afghanistan and its distribution has been a difficult task because the last Afghan census, held in 1979, was never completed after the Soviet invasion. Although Afghanistan's Central Statistics Organization (CSO) attempts to collect, compile, and analyze current population data by provincial and district administrative units, the continual fluctuation of the population and the changing administrative boundaries pose a challenge to accurately collecting such data. This paper presents the methodological framework and results for constructing a comprehensive population dataset for Afghanistan using a fully automated, dasymetric mapping method. Dasymetric mapping was invented and developed by Benjamin Semenov-Tian-Shansky in St. Petersburg, Russia, during the period from 1911 to the early 1920s and culminated in the completion of the "Dasymetric Map of European Russia" (Petrov, 2012) . The technique generally relies on spatial interpolation to distribute population (and (or) any other numerically valued map attribute) in a manner similar to that of an isopleth map (where contour lines of equal value or density are used) instead of a choropleth map (which is a generalized representation of numerical values) (Petrov, 2012) .
For this study, historic population data were compiled according to both province-and district-level boundaries and displayed thematically as choropleth maps. Using a geographic information system (GIS), dasymetric mapping techniques were then applied to show the distribution of population at finer spatial scales by making use of land-use and land-cover polygon data and a raster layer compiled from nighttime-light-intensity data and high-resolution orthoimagery (Elvidge and others, 1997; Dobson and others, 2000; Bhaduri and others, 2002) ; the raster layer depicts the distribution of roads, agricultural fields, and settlement patterns. The resulting modeled distributions of Afghanistan's population are therefore new estimates that may be useful in ongoing and future spatial analysis activities, such as resource and hazard assessments.
Background and Previous Studies
Provinces are the primary administrative divisions of Afghanistan. As of 2004, there were 34 recognized provinces. Districts are the secondary administrative divisions of Afghanistan. The number of districts within Afghanistan has fluctuated over the years. Before 1979, there were 325 districts, which later increased to 329 districts during the civil war period of the 1990s. In 2004, the districts increased again to 397 after a major reorganization of provinces. As of June 2005, the Afghan Ministry of the Interior recognized 398 districts, divided among 34 provinces. This number may change yet again, during future anticipated administrative reorganizations. On the basis of a nationwide survey conducted by Afghanistan's CSO (2012), 24.5 million Afghans were living in the country in 2009. Of these, 5.7 million people were reported to be living in urban areas and the rest in rural areas. As of 2011, the total population was estimated to be about 31 million people (CSO, 2012) .
According to Bielecka (2005) , population mapping in Afghanistan (and other places around the world) serves two general purposes: (1) "to cartographically portray the extent and density of population across an area of interest" and (2) to "derive a quantitative estimation of population density for use in subsequent spatial analytical modeling tasks." The most commonly and traditionally used population map is the choropleth map, which is a type of thematic map in which areas are shaded or patterned based on some proportion of the statistical measurement being displayed as variable. Choropleth maps are simple to construct, especially with the aid of automated GIS mapping software. The use of choropleth maps, however, is limited when performing more detailed GIS spatial analysis, such as determining the most accurate distribution of people and population densities across vector polygons and (or) raster cells. In the case of Afghanistan, most people live in the flatter areas and in gently sloping valleys, where they have better access to water than along the steep mountainsides, which are generally smoothed over when depicted on choropleth maps. Openshaw (1984) describes this condition as the modifiable areal unit (MAU) problem, whereby data (census population statistics) aggregated at the scale of modifiable area units (for example, changing province and district boundaries) commonly provide poor representations of the distribution of such data at scales smaller than the MAU. For example, in Afghanistan, choropleth maps of population distributed by province and district (figs. 1, 2) give the impression that the population is distributed homogenously throughout each areal unit, even though large parts of each province and district actually may be uninhabited. In Afghanistan, human populations are generally concentrated within relatively small numbers of villages and towns that are typically clustered around available sources of water (fig. 3) ; therefore, the choropleth maps showing total population attributed by province or district mix units representing inhabited areas with units representing uninhabited areas (figs. 4, 5). Langford and Unwin (1994) further explain that the MAU is a major obstacle when attempting to map population densities because "any measurement of population density is inherently linked to the area over which it is calculated;" therefore, "depending on the boundaries of (the polygon) space chosen, it is possible to obtain virtually any density measure" (figs. 4, 5). In the case of Afghanistan, figures 4 and 5 show how population density is biased by the areas of individual provinces and districts over which they are calculated (as explained by Langford and Unwin, 1994) . fig. 3) , it becomes clear that population density values are relatively overestimated in the larger provinces and districts surrounding the smaller capital city district of Kabul, and relatively underestimated in the larger but also populous provinces such as Kandahar, which contains Afghanistan's second largest city and a large number of settlements (towns and villages) and district centers along the Helmand River valley (figs. 1, 2). Langford and Unwin (1994) also note that choropleth maps create the erroneous impression that population density abruptly changes at administrative borders, when in reality these changes tend to be gradational across such boundaries.
Although the Landscan ambient population data are also based on dasymetric mapping methods (Dobson and others, 2000; Bhaduri and others, 2002) , they are distributed as raster data that are limited to 1 × 1-km grid cells and therefore do not necessarily represent every year of the entire historic population dataset compiled for this study. To solve this problem for Afghanistan, dasymetric mapping methods were applied in this study in order to distribute the population in a more representative manner than the choropleth maps, which are restricted by province and district polygon areas. This distribution is based on a binary classification of inhabited and uninhabited land-use classes together with census-attributed province and district data, settlement density data, and the coarser scale (1-km resolution) Landscan rendition of ambient population; the latter is based on a variety of remote-sensing and ancillary data sources (Dobson and others, 2000; Bhaduri and others, 2002) , which will be discussed in more detail in the GIS methods section.
Geographic Information System (GIS) Methods
Dasymetric Mapping
Dasymetric mapping is a form of areal interpolation that transforms data from one set of units to another with the assistance of supplementary data. Wright (1936) was one of the first cartographers to popularize dasymetric mapping by demonstrating how population density maps of the Cape Cod, Massachusetts, area could be refined by (1) accounting for uninhabited or sparsely populated areas characterized by certain geologic features and land-cover types and (2) subdividing townships into developed tracts on the basis of estimated changes in housing densities across each township. He developed dasymetric cartography as a means to more accurately map population density by reassigning data between MAUs (townships divided into subdivisions) and incorporating ancillary map information (such as uninhabited marshland, sand dunes, and uncultivated glacial moraine deposits) to assist in the final cartographic redistribution and representation of population density values.
Following the work of Wright (1936) and Langford and Unwin (1994) , Eicher and Brewer (2001) explored and compared several different methods of producing dasymetric maps, such as the "three-class" method, the "limiting variable" method, a grid-based interpolation method, and a polygonbinary method for interpolating and distributing population and population density values across MAUs. The "three-class" method typically requires a weighting scheme for the redistribution of population among up to three aggregated land-use classes (for example, Mennis, 2003) , whereas the "limiting variable" method is similar to the "binary classification" method of Wright (1936) in that the inhabited and uninhabited land-use or land-cover categories must first be identified and then the population density values interpolated between the two vector (or grid) "surfaces" (Langford and Unwin, 1994) . Eicher and Brewer (2001) evaluated the accuracy and errors of each method and concluded that Wright's (1936) original "limiting variable" technique produced maps with the highest accuracy and least amount of error, although reducing the amount of error was not found to be statistically any more significant than the errors yielded by using the other methods.
A survey of recent literature indicates that applications of dasymetric mapping methods to population and population density maps and studies are sparse (Mennis, 2003; Bielecka, 2005) ; however, of the methods compared and discussed by Eicher and Brewer (2001) , the binary classification method (discussed in detail in a later section) appears to be the most commonly applied dasymetric mapping method. When landuse or land-cover information is provided as ancillary data, different classes may be designated as either inhabitable or uninhabitable, such that the population can be better distributed into the most habitable areas. Bielecka (2005) noted that this simple binary classification of "inhabited" versus "uninhabited" improved the accuracy of the traditional choropleth maps of population previously used to depict the distribution of population throughout Podlaskie County, Poland.
In addition to their evaluation of the binary classification (or limiting variable) method, Langford and Unwin (1994) also suggested raster alternatives to the conventional choropleth population maps. For example, they suggested the use of remotely sensed data sources such as Landsat Thematic Mapper (TM) imagery to help model population density as a continuous raster "surface" of land-use and land-cover types that can be used as an input layer to aid with interpolation within a GIS. In their case, the authors aggregated their dasymetric population estimates of northern Leicestershire, United Kingdom, across a 1-km resolution grid of binary raster cell values designated as either "habited" or "uninhabited."
The existing vector GIS layers of the province and district boundaries of Afghanistan (Mihalasky and others, 2007) have been attributed with historical population data (figs. 1, 2), which are available for download as GIS shape file layers accompanying this report; however, these historic population data cannot be used for more detailed spatial analyses at scales finer than the largest district (Chahar Burjak district in Nimruz province at 21,058 km 2 ) or the smallest province (Kapisa province, which contains six smaller districts for a total of 1,842 km 2 ). In this report, the binary dasymetric mapping method was chosen in order to map the distribution of population across Afghanistan more accurately by interpolating census-derived population statistics across inhabited and uninhabited land-use and land-cover classes. As such, we use the ancillary raster information as dasymetric mapping inputs in the form of the Landscan ambient population data ( fig. 3) , land-use and land-cover polygon vectors ( fig. 6 ), and settlement point datasets (shown on fig. 3 ), described further in the following section. ArcMap v. 9.3.1 (ESRI, 2012) was used to implement the methodology, as described below.
GIS Dataset Sources
Four datasets were used in our dasymetric population distribution analysis. Each is described in the following sections. figure 2 . The 2003 population data were chosen for this analysis because 2003 is the only year for which data were present for both the province and district shape files (figs. 1, 2). Both the province and the district boundary shape files were originally digitized by the Afghanistan Information Management Services (AIMS) and are available as part of the U.S. Geological Survey (USGS) Preliminary Non-Fuel Mineral Resource Assessment of Afghanistan (Mihalasky and others, 2007; Peters and others, 2007) .
Province and District Boundaries From 2003 Afghanistan Central Statistics Organization Data
Settlements From the United States Agency for International Development and Afghanistan Information Management Services
Data showing settlements in Afghanistan were originally derived from a vector point shape file, also acquired from the USGS Preliminary Non-Fuel Mineral Resource Assessment of Afghanistan (Mihalasky and others, 2007; Peters and others, 2007) ; however, the file was modified to show changes in province centers, district centers, and to the capital city of Kabul since the original version was compiled ( fig. 1 ). These changes include new province and district centers and (or) consolidations or relocations of old province and district centers. These settlement points were originally digitized by staff of the United States Agency for International Development (USAID) on the basis of (1) 1:100,000-scale maps compiled by the former Defense Mapping Agency (DMA; a former bureau within the U.S. Department of Defense) between 1967 and 1988 and (2) 1:50,000 scale Soviet-era Russian topographic maps, which include locations of villages and other cultural features.
Land Use and Land Cover From Afghanistan Information Management Services
The data for the land-use and land-cover shape file ( fig. 6 ) were originally acquired from the AIMS Web site (AIMS, 2012) , and can also be found in the USGS Preliminary NonFuel Mineral Resource Assessment of Afghanistan (Mihalasky and others, 2007; Peters and others, 2007) . The land-use and land-cover polygon vector dataset consists of the following 21 classes:
• Regenerated, old growth forests or high shrubs input GIS datasets such as proximity to roads, topographic slope, urban density, and available census data at the province and district (or subprovince) levels to show the distribution of ambient population 1-km (about 30 arc second) spatial resolution (Dobson and others, 2000; Bhaduri and others, 2002;  fig. 4 ). In this case, ambient population is based on residential population redistributed by dasymetric manipulation to 1-km grid cells based on probability coefficients that vary from region to region, depending on the relative weighting and variation of such factors as urban density and nighttime lights between industrialized and energy-poor nations.
Ancillary data, such as roads, used for the 1998 Landscan dataset were derived from the 1:1,000,000 scale Vector-smart Map of the world (VMAP; NGA, 2013) compiled by the National Geospatial-Intelligence Agency (NGA), whereas topographic data were derived from NGA's level 0 (30 arc second) Digital Terrain Elevation Data (DTED; NGA, 2013) others, 2000, Bhaduri and others, 2002) . The Defense Meteorological Satellite Program (DMSP) is one of several sources of nighttime light emissions data from the Earth's surface at 1-km spatial resolution (Elvidge and others, 1997), which was used as an input for Landscan ambient population modeling (Dobson and others, 2000; Bahduri and others, 2002) . This same raster GIS dataset covering Afghanistan can also be found in the USGS Preliminary Non-Fuel Mineral Resource Assessment of Afghanistan (Peters and others, 2007; Mihalasky and others, 2007) , but is only available for 1998. Input land-use and land-cover data for the Landscan ambient population modeling were based on the USGS Global Land Cover Characteristics (GLCC; USGS, 2013) database and were derived from Advanced Very High Resolution Radiometer (AVHRR) satellite imagery (Loveland and others, 1991) . Dobson and others (2000) noted that more accurate and higher resolution data would be used as inputs for future versions of the Landscan ambient population dataset. Indeed, the Landscan ambient population data have been revised yearly by ORNL since 1998 as newer and more accurate national and provincial census data and remote-sensing datasets are incorporated. For example, the Shuttle Radar Topography Mission (SRTM) and Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) digital elevation models (DEMs) now provide global topographic data at approximately 90-m and 30-m spatial resolution, respectively, which can be used to derive topographic slope attributes at a higher resolution than the 1-km DTED data used in the original 1998 Landscan data; however, Landscan population data are only distributed at a spatial resolution of no less than 1 km, and yearly revised data products cannot be used for detecting population change (Bhaduri and others, 2002) .
Binary Land-Use and Land-Cover Classification and Spatial Population Distribution
After the population data provided by the CSO was tabulated and joined with the existing province and district shape files, the topology of the shape files was corrected for errors (dangling arcs and small outlier polygons that were not connected to any province or district boundary), and the dataset was converted into a geodatabase. The binary dasymetric method described by Langford and Unwin (1994) , Eicher and Brewer (2001) , and Bielecka (2005) was then applied.
By using the AIMS land-use and land-cover shape file, a new field was first created to attribute whether or not a particular land class was inhabited or uninhabited (fig, 7) . The new field was based on both the land-use or land-cover classification ( fig. 6 ), the presence of settlements (from overlaying a point shape file; fig. 3 ), and the 2005 ambient population distribution depicted by the Landscan data ( fig. 3) . The landuse and land-cover classifications that were determined to be inhabited included settlements, irrigated and intensively cultivated (1 crop per year), irrigated and intensively cultivated (2 crops per year), irrigated and intermittently cultivated, rainfed crops (sloping areas), fruit trees, gardens, and vineyards ( fig. 8) .
After the AIMS land-use and land-cover dataset had been attributed as either inhabited or uninhabited, the data were then overlain with the existing population-attributed province and district boundary shape files using the Union tool within Arc Toolbox. As a result, the two new existing shape files were then symbolized to show the 2003 population distribution within each province and district, respectively, within existing settled locations (figs. 9, 10).
Results, Discussion, and Conclusions
The resulting population distribution maps of Afghanistan (figs. 9, 10) demonstrate the effective use of dasymetric mapping techniques, which merged both raster-derived data (Landscan) and vector-based data (land-use, land-cover, and settlements) to produce a more realistic map. The final results match well with the input pattern of population distribution depicted by the settlement point data and the Landscan ambient population ( fig. 3 ). An even better visual correlation with the population distribution depicted in the Landscan ambient population is achieved after the dasymetric population distributions are normalized by their respective province and district areas to yield maps of dasymetric population density distributed across province and district boundaries (figs. 11, 12, respectively) . In this case, the resulting dasymetric maps of total population and population density (figs. 9 through 12) reflect the population distribution derived from the 2003 CSO statistics rather than the modeled distribution of the 2005 population as reflected in the Landscan ambient population data ( fig. 3) . The pattern and density of distributed population are similar in both cases and support the observation that Afghanistan's population is and will likely remain concentrated in topographically flatter areas with better access to water.
Throughout the literature, most authors emphasize that the primary advantage of the binary method is its simplicity because it is only necessary to reclassify land use and land cover into two classes: inhabited and uninhabited. Additionally, this process is easy to implement within a GIS and can be replicated as more accurate and current population data are collected. Conversely, they also point out that the main disadvantage of the binary method is its subjectivity because deciding which areas are inhabited and uninhabited is based on patterns of existing land-use, land-cover, and settlementdensity data.
Because of the current geopolitical situation in the country (insurgency and a population that is in a state of flux), it is difficult to verify the accuracy of the dasymetric mapping results. The results, however, can be tested by comparing the resulting dasymetric distribution of population based on binary land-use and land-cover classification ( fig. 13A ) with the original population distribution modeled in the 2005 Landscan data ( fig. 13B) . Overall, the dasymetric redistribution of population matches the pattern and distribution of population modeled by the Landscan data. There are, however, some notable differences. First, the dasymetric population map can be considered a hybrid between a true isopleth map (obtained by contouring the Landscan values depicted in figures 3 and 13B) and the actual choropleth maps (the original population maps coded by province and district shown in figures 1 and 2, respectively). Second, when the ancillary land-use and land-cover information is considered, the dasymetric map allows population to be more accurately contained within smaller polygon units than the maps that portray only province-or district-level statistics. Third, because the Landscan data reduce population data to 1-km resolution, sparsely populated areas become indistinguishable from uninhabited areas. The dasymetric map solves this problem by redistributing the population into smaller and more appropriate land-use and land-cover classes, thus allowing the uninhabited areas to remain unclassified and distinguishable from the areas that are actually inhabited by people.
In reference to the binary method of dasymetric mapping, Langford and Unwin (1994) observed that "it is arbitrary in the sense that there is no obvious scale at which it should be applied," which is why they developed the model of population as a continuous surface. Although this technique could be used for a detailed population analysis at a more localized (subdistrict) level, in the case of Afghanistan, the binary method offers a more realistic estimate of the distribution of the population at the national, provincial, and district scales.
The information produced from the resulting dasymetric population maps ultimately can be used for more detailed spatial analyses of Afghanistan, such as hazard assessments, understanding access to resources, and regional planning to account for future population growth trends. Dasymetric mapping methods can be applied easily to the other years of CSO census data attributed to the province and district shape files accompanying this report. 
